Abstract: Molecular dynamics simulations were carried out to study the conformations of polycarboxylate ether (PCE) superplasticizers with different side chain lengths in aqueous solution. For four types of PCE molecules-PCE1, PCE2, PCE3, and PCE4-the steric hindrance between the PCE molecules increased with increasing side chain length. The side chain length not only affects water mobility but also affects the distribution of water molecules in the system. Simulation results indicate that water molecules were trapped by the PCE molecules, reducing the diffusion properties. PCE molecules with long side chains have more water molecules probability around the main chain and fewer water molecules probability near the side chain. Microscopic-level knowledge of the interaction between superplasticizer and water molecules facilitates understanding of the performance of superplasticizers in cement systems.
Introduction
In recent years, different types of chemical admixtures have attracted increasing attention from the cement industry [1] [2] [3] [4] . Superplasticizers or high-range water reducers are one kind of chemical admixtures that are added to cement mixtures to improve the workability of cement and concrete [5, 6] . Polycarboxylate ether (PCE) superplasticizers are easily designed and synthesized for different functions and situations [2, [7] [8] [9] [10] [11] . PCEs are usually composed of backbones containing anionic groups and side chains designed from different types of polyoxyethylene glycols (PEGs) [12] . The anionic groups electrostatically adsorb onto the cement surface and the side chains provide steric repulsion, resulting in excellent cement dispersing effect.
The side chain length of a superplasticizer is a key factor affecting steric hindrance. Many researchers have suggested that the steric hindrance resulting from the PCE side chain on the particle surfaces affecting the dispersion behavior in the system [9, [13] [14] [15] . These studies showed the dispersion performance of PCE in the systems by various experiments. Yamada et al. reported that PCE with longer side chains have higher dispersing properties in cement paste [15] . Ran et al. synthesized a series of PCEs with different side chain lengths to investigate the dispersing mechanism in terms of rheological behavior and dispersion in cement system [9] . Winnefeld 
et al. investigated PCEs
PCEs with polyether chains of varying lengths and densities using various characterization methods [16] . The dispersion properties of PCE varies depending on the side chain length in the polymer.
Recently, computational simulation has been widely applied in studying various systems [17] [18] [19] . Computer simulation is rapidly becoming a standard tool for studying the structure and dynamics of polymers by investigating molecular interactions at the microscopic level. Molecular dynamics (MD) simulations have been used to elucidate the working mechanism of PCEs [20] . Zhao et al. investigated the adsorption conformations of hydrophobically modified PCE on dicalcium silicate surface using all-atom MD simulations [21] . Hirata et al. simulated the PCE polymers adsorbed on an MgO surface in cement pore solutions [22] . However, deeper insights at the atomic or molecular level are necessary to achieve better bottom-up understanding and more effective performance control of superplasticizers.
In this study, we investigated four PCE molecules with side chains of different lengths in aqueous solution using all-atom MD simulations. In cement suspension systems, PCE not only adsorbs on the cement particles, but also self-aggregates in the dispersed system [23, 24] . The interaction between PCE and water molecules is the main factor affecting the properties of superplasticizers. The effects of the side chain length of PCE were analyzed and observed in terms of intermolecular interactions at atomic level. The results of this study facilitate better understanding of the dispersion mechanism and properties of PCE molecules in cement systems.
Methods
All-atom MD simulations were conducted to study the solution conformation properties of PCEs with different side chain lengths. Figure 1 shows the chemical structure of PCE. The backbone of PCE may be regarded as being composed of two kinds of repeated units-acrylic acid (AA) sodium salt and isopentenyl polyethylene glycol (TPEG)-with the acid-to-ether molar ratio (a:b) being 4:1. The side chains were equally spaced on the backbone and the number of side chains (c) is 10. Four PCE molecules-PCE1, PCE2, PCE3, and PCE4-with different side chain lengths were designed and the degrees of polymerization (d) of these side chains were set at 12, 26, 53, and 67, respectively, corresponding to TPEGs with molecular weights of ~600, 1200, 2400, and 3000. These TPEGs are also consistent with the commonly used experimental samples. The molecular weights of PCE range from 9000 to 33,000, which is consistent with the molecular weight of our synthesized PCE polymer. All MD simulations were carried out in the canonical ensemble (NVT). The temperature of the system was set at 298 K and the time step of integration was set at 1.0 fs. The PCE and 3000 water molecules were randomly placed in the system with periodic boundary conditions. All the systems eventually reached thermodynamic equilibrium by checking the radius of gyration (Rg) of PCE molecules. The COMPASS (condensed-phase optimized molecular potentials for atomistic simulation studies) force field was used [25] , which has the necessary parameters for all the atoms in All MD simulations were carried out in the canonical ensemble (NVT). The temperature of the system was set at 298 K and the time step of integration was set at 1.0 fs. The PCE and 3000 water molecules were randomly placed in the system with periodic boundary conditions. All the systems eventually reached thermodynamic equilibrium by checking the radius of gyration (Rg) of PCE molecules. The COMPASS (condensed-phase optimized molecular potentials for atomistic simulation studies) force field was used [25] , which has the necessary parameters for all the atoms in the periodic table. The COMPASS force field is an excellent potential model suitable for the simulations of different types of common organic molecules, polymers, metal halides, silica/aluminosilicates, and metal oxides. For long-range interactions the Ewald method was used with the cutoff radius of 6 Å [26] . Simulations were performed using the Accelrys Materials Studio 6.0 package (Accelrys commercial software, Dassault Systèmes BIOVIA, San Diego, CA, USA).
Results and Discussion

The Conformation Properties of PCE Molecules in Water Solution
Using MD simulations, we studied the solution conformation structure of the four PCE molecules-PCE1, PCE2, PCE3, and PCE4-in an aqueous system. After equilibrium, an extra simulation for 1.0 ns was carried out to make sure the system reached thermodynamics equilibrium. Figure 2 shows the Rg of PCE molecules of the last 2.0 ns in the trajectory. Figure 3 shows the snapshots of PCE1, PCE2, PCE3, and PCE4 in the solution systems after equilibration; the water molecules were removed for clarity. Figure 3 clearly shows the effect of side chain length on the intermolecular interaction in PCE. The longer the side chain of PCE is, the greater is the aggregation between PCE molecules, resulting in increased steric repulsion of PCE molecules.
To analyze the interaction between PCE molecules, various radial distribution functions (RDFs) were calculated. RDF shows the local structure and understanding the atomic distribution of substance, which obtains the effective intermolecular potentials and the probability between two objects [27, 28] . The intermolecular relationship between PCE molecules is shown in Figure 4 ; Op denotes the oxygen atom on the PCE molecule. Figure 4 shows that the interaction between PCE molecules increased with increasing side chain length of PCE. The side chain of PCE molecules aggregate in a homogeneous manner, which makes the steric hindrance between PCE molecules more obvious. The intensity of the steric effect decreases in the following order, PCE4 > PCE3 > PCE2 > PCE1. The results are consistent with the observations in Figure 3 . the periodic table. The COMPASS force field is an excellent potential model suitable for the simulations of different types of common organic molecules, polymers, metal halides, silica/aluminosilicates, and metal oxides. For long-range interactions the Ewald method was used with the cutoff radius of 6 Å [26] . Simulations were performed using the Accelrys Materials Studio 6.0 package (Accelrys commercial software, Dassault Systèmes BIOVIA, San Diego, CA, USA).
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To analyze the interaction between PCE molecules, various radial distribution functions (RDFs) were calculated. RDF shows the local structure and understanding the atomic distribution of substance, which obtains the effective intermolecular potentials and the probability between two objects [27, 28] . The intermolecular relationship between PCE molecules is shown in Figure 4 ; Op denotes the oxygen atom on the PCE molecule. Figure 4 shows that the interaction between PCE molecules increased with increasing side chain length of PCE. The side chain of PCE molecules aggregate in a homogeneous manner, which makes the steric hindrance between PCE molecules more obvious. The intensity of the steric effect decreases in the following order, PCE4 > PCE3 > PCE2 > PCE1. The results are consistent with the observations in Figure 3 . 
The Relationship between PCE and Water Molecules in Aqueous System
Water molecules play an important role in concrete system. The water molecules affect the hydration as well as dispersion of cement. The PCE molecules as a surfactant help cement particles disperse easily in aqueous systems [29, 30] . Therefore, the relationship between PCE molecules and 
Water molecules play an important role in concrete system. The water molecules affect the hydration as well as dispersion of cement. The PCE molecules as a surfactant help cement particles disperse easily in aqueous systems [29, 30] . Therefore, the relationship between PCE molecules and water molecules is worth exploring. To investigate the mobility of water molecules, the mean square displacement (MSD) was calculated, and the diffusion coefficient of the particles was calculated from the slope of the MSD [31] . Figure 5 shows the MSDs of water molecules in different systems. When the PCE molecules were added to the system, the mobility of water molecules decreased because they were trapped by the PCE molecules. For different PCE molecules, the migration ability of water molecules decreased with increasing side chain length. The diffusion coefficients of water decreased in the following order, PCE1 > PCE2 > PCE3 > PCE4. It shows that the side chain length has stronger interaction with water molecules, and affect the mobility of the water molecules. water molecules is worth exploring. To investigate the mobility of water molecules, the mean square displacement (MSD) was calculated, and the diffusion coefficient of the particles was calculated from the slope of the MSD [31] . Figure 5 shows the MSDs of water molecules in different systems. When the PCE molecules were added to the system, the mobility of water molecules decreased because they were trapped by the PCE molecules. For different PCE molecules, the migration ability of water molecules decreased with increasing side chain length. The diffusion coefficients of water decreased in the following order, PCE1 > PCE2 > PCE3 > PCE4. It shows that the side chain length has stronger interaction with water molecules, and affect the mobility of the water molecules. 
The Probability Distribution of Water Molecules
To understand the role of PCE and water molecules, RDFs were used to calculate a series of relationships (Figures 6 and 7) . Op, Om, and Os are defined as the oxygen atoms on the PCE molecule, around the main chain of PCE molecule (including main chain and the first three oxygen of side chain), and on the side chain of PCE molecule, respectively; HO is defined as the hydrogen atom on the water molecule. Figure 6a shows that all the PCE molecules have obvious hydrogen bonds with water molecules with bond distance = 1.55 Å. The snapshot of hydrogen bonds on the side chain and around the main chain is shown in Figure 6b ,c. The cutoff distance and angle of hydrogen bonds are 3.0 Å and 35 degrees, respectively. Both of the side chain and the main chain form hydrogen bonds with water molecules. With increasing PCE side chain length, fewer coordination number of water molecules around the PCE molecules. To further understand the interaction between superplasticizer and water, Os and Om were separated, and the RDFs with water molecules were calculated independently, as shown in Figure 7a ,b. Figure 7a shows the relationship between water and PCE molecules around the main chain of PCE. Many water molecules accumulate near the main chain of PCE molecules to form hydrogen bonds of bond length = 1.55 Å. The probability of water molecules in these four systems are PCE4 > PCE3 > PCE2 > PCE1. Figure 7b shows the situation of water molecules around the side chain of PCE molecules. The side chain of PCE molecules also have intermolecular interaction with water molecules, but the coordination number of surrounding water molecules decrease with increasing side chain length (PCE1 > PCE2 > PCE3 > PCE4). 
To understand the role of PCE and water molecules, RDFs were used to calculate a series of relationships (Figures 6 and 7) . Op, Om, and Os are defined as the oxygen atoms on the PCE molecule, around the main chain of PCE molecule (including main chain and the first three oxygen of side chain), and on the side chain of PCE molecule, respectively; HO is defined as the hydrogen atom on the water molecule. Figure 6a shows that all the PCE molecules have obvious hydrogen bonds with water molecules with bond distance = 1.55 Å. The snapshot of hydrogen bonds on the side chain and around the main chain is shown in Figure 6b ,c. The cutoff distance and angle of hydrogen bonds are 3.0 Å and 35 degrees, respectively. Both of the side chain and the main chain form hydrogen bonds with water molecules. With increasing PCE side chain length, fewer coordination number of water molecules around the PCE molecules. To further understand the interaction between superplasticizer and water, Os and Om were separated, and the RDFs with water molecules were calculated independently, as shown in Figure 7a ,b. Figure 7a shows the relationship between water and PCE molecules around the main chain of PCE. Many water molecules accumulate near the main chain of PCE molecules to form hydrogen bonds of bond length = 1.55 Å. The probability of water molecules in these four systems are PCE4 > PCE3 > PCE2 > PCE1. Figure 7b shows the situation of water molecules around the side chain of PCE molecules. The side chain of PCE molecules also have intermolecular interaction with water molecules, but the coordination number of surrounding water molecules decrease with increasing side chain length (PCE1 > PCE2 > PCE3 > PCE4). The conformation of superplasticizers in aqueous solutions affects both the adsorbed layer on cement surface and the water density at the interface [21] . The probability distribution of water molecules around the superplasticizers vary depending on the side chain length. With increasing side chain length, the water molecules are easier surround the main chain of PCE and decreasing near the side chain as shown in Figure 7 . This perturbed of the distribution of water at the surface of cement particles and influenced the hydration kinetics of cement [32] . The microscopic water-reducing performance of PCEs also increased with increasing side chain length of PCE. The conformation of superplasticizers in aqueous solutions affects both the adsorbed layer on cement surface and the water density at the interface [21] . The probability distribution of water molecules around the superplasticizers vary depending on the side chain length. With increasing side chain length, the water molecules are easier surround the main chain of PCE and decreasing near the side chain as shown in Figure 7 . This perturbed of the distribution of water at the surface of cement particles and influenced the hydration kinetics of cement [32] . The microscopic water-reducing performance of PCEs also increased with increasing side chain length of PCE. The conformation of superplasticizers in aqueous solutions affects both the adsorbed layer on cement surface and the water density at the interface [21] . The probability distribution of water molecules around the superplasticizers vary depending on the side chain length. With increasing side chain length, the water molecules are easier surround the main chain of PCE and decreasing near the side chain as shown in Figure 7 . This perturbed of the distribution of water at the surface of cement particles and influenced the hydration kinetics of cement [32] . The microscopic water-reducing performance of PCEs also increased with increasing side chain length of PCE.
The water-reducing properties of superplasticizer in cement systems depend on van der Waals interactions, electrostatic interactions, and steric interactions [24] . These interactions contribute to the action of superplasticizer and the dispersion of cement. The intermolecular probability distribution of PCE increased with increasing side chain length, which in turn increased the steric hindrance in the systems. The composition of the water molecules surrounding the superplasticizer molecules also changed, which affected the hydration and water-reducing properties at cement surface interface. These factors all indicate that the water reducing and dispersing properties of PCE increase with increasing side chain length. The working abilities of superplasticizers are in the following order, PCE4 > PCE3 > PCE2 > PCE1, but those of PCE4 and PCE3 are similar.
Conclusions
MD simulations were conducted to investigate the effect of different side chain of PCE polymer in aqueous system. Our results showed that the steric effect intensity of PCE increased with increasing side chain length, which affected the intermolecular force of PCE polymers as well as mobility of water molecules. The water molecules were trapped around the PCE molecules, which affected the diffusion coefficient of water. All PCE molecules formed obvious hydrogen bonds with water molecules in aqueous solution. The distribution of water molecules around the PCE molecules depended on the side chain length. The longer the side chain, the coordination number of water molecules around the side chain gradually decreased, but the coordination number of water molecules around the main chain gradually increased. It was found that the side chain length of PCE affected both dispersion behavior and hydration of cement. MD simulations provided molecular insight on superplasticizers in aqueous solution, which can be useful to understand the properties of superplasticizers in cement systems at the microscopic level. 
